. Cdc42 collaborates with other Rho kinases to modulate assembly and disassembly of the actin cytoskeleton and has been shown to regulate establishment of cell polarity, filopodia formation, and centrosome reorientation in migrating cells. Protein kinase cascades that control cell viability and proliferative activity, including JNK, p38MAPK, and p21-associated protein kinases (PAK), are also downstream targets of Cdc42-GTP (5). Activating Cdc42 induced HCC cells to undergo changes in the actin cytoskeleton, filopodia formation, adherens junction disruption, and cell migration, which suggests that generating invasive cancer cells in damaged livers involves induction of an epithelialmesenchymal transition (EMT).
EMT and HCC
EMT is a complex process through which epithelial cells gradually dissolve connections to adjacent cells, rearrange their cytoskeletons, upregulate production of matrix remodeling factors, and migrate out of epithelial sheets into adjacent stroma. EMT occurs routinely during development and contributes to fetal tissue formation. It also occurs during some wound healing responses in adults and is believed to be a major contributing mechanism to cancer invasion and metastasis (6) (7) (8) . Consistent with this information, the current work demonstrated that CDH1L-driven expression of AFHGEF9, and resultant activation of Cdc42 and EMT, was associated with venous invasion, formation of microsatellite tumors and metastases, and reduced survival from HCC in mice and with increased vascular invasion and reduced survival in HCC patients (4) . Thus, CDH1L is one of the factors that promote EMT in HCC.
This discovery compliments and extends growing evidence that implicates EMT in hepatocarcinogenesis. For example, tetraspanin TM4SF5-mediated EMT causes loss of contact inhibition and uncontrollable growth of cultured human hepatocarcinoma cells, as well as tumor formation and/or metastasis in mice (9, 10). The pro-EMT transcription factors Twist and Snail are expressed in about 40%-70% of HCCs and correlate with evidence of adherens junction disruption and a worse prognosis (11, 12) . More than 60% of HCCs express eukaryotic initiation factor 5A2 (EIF5A2), with the highest levels occurring in metastatic cancers. EIF5A2 activates Rho kinases to stimulate formation of stress fibers, lamellipodia, EMT, and HCC cell migration (13 (14) . Hepatoma cell lines also differ somewhat in their endogenous expression of putative EMT regulators, with the greatest expression occurring in lines expressing more mesenchymal proteins, such as Hep3B (16, 17) . The Hedgehog pathway is active in Hep3B cells and is required for growth (18) . Hedgehog signaling promotes EMT during development and in many other types of cancers (19) . Moreover, pathway activation is common in HCC and correlates with aggressive tumor biology (20) . Elevated expression of another EMT mediator, integrin-linked kinase (ILK), identifies hepatoma cell lines that are resistant to epidermal growth factor receptor-targeted therapies, and knocking down ILK restores sensitivity to these agents (21) . EMT is also induced in neoplastic hepatocytes by TGF-β, IL-like EMT inducer (ILE1), and oncogenic Ras interactions that promote distant metastasis (22) . Similarly, ectopic expression of Twist or Snail in hepatoma cell lines with low endogenous expression of these factors enhances cancer cell motility and invasiveness (12, 17) . Thus, several mechanisms appear capable of stimulating EMT in HCC, and, regardless of the specific factor responsible for EMT induction, HCCs with features of EMT consistently demonstrate more vascular invasion, metastases,
Figure 1
Hepatocarcinogenesis and EMT. In healthy livers, hepatocytes exhibit features of epithelial cells because they are polarized and adherent to each other. However, unlike epithelial cells in other tissues, healthy hepatocytes lack a basement membrane. Hence, healthy, mature hepatocytes are not physically separated from the adjacent stroma and hepatic stellate cells that reside in the space of Disse, sandwiched between the hepatic epithelia and fenestrated endothelial cells that line hepatic sinusoids. Indeed, because the sinusoids themselves also lack a typical basement membrane, endothelial cells, hepatic stellate cells, and hepatocytes all coexist within the same mesenchyme. During hepatocarcinogenesis, genetic events that enhance the migratory capabilities of hepatocytes may occur, and the normal absence of membrane barriers to physically separate hepatocytes from the hepatic sinusoids permits easy entry of motile neoplastic hepatocytes into the vascular system. The current study by Chen et al. (4) delineates a mechanism by which malignant hepatocytes become more motile and invasive. Namely, amplification of CDH1L results in induction of ARHGEF9 and resultant activation of the small GTP-binding protein Cdc42. Cdc42-GTP orchestrates various events, including reorganization of cytoskeletal elements that permit neoplastic hepatocytes to migrate away from neighboring epithelial cells, move through the space of Disse, invade neighboring vascular spaces, and be swept along with the blood flow to other parts of the hepatic lobule and/or out of the liver to extrahepatic sites. and a poorer prognosis than do HCCs lacking EMT characteristics.
Evidence demonstrating that EMT correlates with aggressive biology in HCC suggests that EMT conveys certain survival advantages to tumor cells. These include escape from apoptotic stimuli that are prevalent within the primary tumor (TGF-β, hypoxia) and improved access to nutrients and/or growth factors (by migrating to sites remote from the competing forces that are operative in the primary tumor). Cells that have undergone EMT also acquire the ability to generate factors that stimulate production of vasculature and stroma. This property sustains the outgrowth of new epithelial tumor nodules within or near the primary tumor and after the subpopulations of the metastatic (mesenchymal-appearing) tumor cells have arrived in distant sites and undergone mesenchymal-epithelial transition (MET) to reacquire their epithelial phenotype (7). It is therefore tempting to speculate that situations that promote hepatocarcinogenesis stimulate EMT and that liver cells that have acquired pro-EMT modifications, such as CDH1L amplifications, might have a growth advantage in such environments.
Cirrhosis, EMT, and HCC
The single greatest risk factor for HCC in humans is cirrhosis (3). Cirrhosis is a conserved response to various types of chronic liver injury that kill liver epithelial cells (i.e., hepatocytes and cholangiocytes). It is the result of suboptimal repair that is unable to fully regenerate or replace dead liver epithelial cells, thereby maintaining stimuli for tissue remodeling that result in chronic expansion of liver epithelial progenitor populations, ongoing inflammation, angiogenesis, and fibrogenesis. Hence, cirrhosis is a consequence of unsuccessful wound healing. In many tissues (e.g., kidney, skin, and lung), chronic wound healing responses that lead to fibrosis provide a stimulus for EMT (6) . However, whether EMT occurs during chronic fibrosing liver injury remains controversial (23, 24) .
As recently reviewed elsewhere (25) , there is consistent evidence that profibrogenic factors that increase during cirrhosis, such as TGF-β, can induce hepatocytes and cholangiocytes to undergo EMT in culture. Populations of cells that typically accumulate in cirrhotic livers, such as hepatic stellate cells and progenitors, also have features of cells that are undergoing EMT. In addition, EMT-inducing mechanisms become activated during cirrhosis, and various markers of EMT have been well documented in liver tissues of rodents and patients with various types of chronic liver disease. However, rigorous lineage-tracing proof that EMT actually occurs in situ during cirrhosis, and which cells are involved, is still lacking. With regard to the latter point, it is important to emphasize that lineage-tracing studies that failed to demonstrate EMT in certain types of liver cells (26, 27) do not prove that EMT is impossible in other liver cell types, despite recent speculation that a role for EMT in liver repair has been largely refuted (24) . Rather, additional research is needed to resolve the debate about noncancer cell EMT in chronically damaged livers, particularly given the compelling evidence from many groups - including Chen et al. - that malignant liver cells are capable of undergoing EMT in this context. Indeed, if further research were to prove that EMT occurred more generally during fibrogenic wound healing responses induced by chronic liver injury, this might provide an explanation for the strong association between cirrhosis and primary liver cancer (3). Namely, situations that result in cirrhosis apply chronic selection pressure that confers advantage to the outgrowth of cells maximally successful at undergoing EMT. These may include healthy liver epithelial progenitors as well as progenitors that have acquired chromosomal alterations (such as CDH1L amplifications) that enhance their capacity for EMT. If other growth-dysregulatory mutations develop, the latter cells then become cancer stem/ initiating cells that fuel aggressive biology in HCC. Several lines of historical evidence support the concept that EMT is the biological bridge that links cirrhosis and HCC. First, markers of EMT have been detected in the blood of rodents and humans with cirrhosis (28, 29) . Second, various events that enhance the efficiency of cancer cell EMT predict cancer invasion, metastasis, and reduced survival in HCC patients. Third, circulating EMT markers are most elevated in HCC patients with metastatic cancer (29, 30) . The present study by Chen et al. advances this field by demonstrating that CDH1L-ARHGEF9-Cdc42 signaling plays an important role in regulating liver cell EMT (4) . Their data suggest that malignant liver cells that acquire the ability to activate this pathway in a cell-autonomous fashion evade mechanisms that normally control EMT, permitting them to repopulate and potentially overgrow damaged livers. This knowledge, in turn, identifies molecular targets that might be exploited to improve HCC screening, allocation of existing HCC therapies, and development of novel HCC treatments for cirrhotic patients. Heart failure is a progressive disease that affects over 5 million individuals in the United States. In addition, many of the over 1 million survivors of congenital heart disease are destined to develop heart failure as they age. Current pharmacologic therapies have limited efficacy and only slow the progression of cardiac dysfunction. Heart transplantation is often the last resort of treatment, but the limited donor pool makes this option unrealistic for the vast majority of patients. Given the disease burden and the unsatisfying therapeutic modalities for heart failure, the potential of cardiac regenerative medicine has generated tremendous interest worldwide.
Multipotent cardiovascular progenitor cells derived from ES cells or
Approaches to regenerate functional myocardium in damaged hearts have made substantial strides in recent years. Of major importance was the identification of multiple cardiovascular progenitor cells (CPCs) that have embryonic origin and can be isolated from heart tissue, or that can be differentiated from ES or induced pluripotent stem (iPS) cells (1-4) . The previously characterized CPCs retain intrinsic competence to differentiate into various cardiac lineages. Among them, Flk1 + (KDR + in human) precursors retain the capacity to differentiate into blood cells and three of the major cell types of the heart cells, namely cardiomyocytes, smooth muscle cells, and endothelial cells (5, 6) . CPCs expressing the transcription factor Isl1 are also multipotent and give rise to cardiomyocytes, smooth muscle cells, and endothelial cells (7) (8) (9) . Finally, CPCs marked by the transcription factor Nkx2.5 are more lineage restricted but can differentiate into cardiomyocytes and smooth muscle cells (10) . Despite these advances, practical isolation of cardiac lineage-committed progenitor cells using a surface marker and introduction of such cells into a damaged heart has remained problematic.
Isolation of cardiovascular progenitors using a cell-surface marker
In this issue of the JCI, Blin and colleagues identified a very early cardiac progenitor population derived from primate (human and monkey) ES and iPS cells. They used knowledge from embryonic development and mimicked the conditions that may be present in the early primitive streak, just as epiblasts give rise to newly formed mesodermal cells that are destined to acquire a cardiac fate (Figure 1 ). Such cells express transient but high levels of the transcription factors Oct4 and Mesp1 (11) . Blin et al. treated ES and iPS cells with BMP2, which activates Wnt3a, to simulate early epiblast conditions, and then used magnetic
